nuclear factor-B; cytokines; macrophages; vascular dysfunction CARDIOVASCULAR DISEASES (CVD) remain the leading causes of morbidity and mortality in modern societies, and age is the major risk factor for CVD (28, 31) . This effect of aging on CVD risk is primarily the result of pathophysiological changes to arteries that lead to vascular dysfunction and disease (28) .
Although the mechanisms are incompletely understood, one of the key pathological changes to arteries with age is the development of chronic, low-grade inflammation (5, 6) . This inflammation involves phosphorylation/activation of the proinflammatory transcription factor NF-B via phosphorylation of inhibitor of NF-B kinase (IKK) and increased expression of proinflammatory cytokines including IL-1 and IL-6, IFN-␥, and TNF-␣ (6, 8, 47) . Although the source of the inflammation is unclear, immune cell (macrophages, T lymphocytes) infiltration of the arterial intima (from the lumen) or the arterial adventitia (from surrounding perivascular tissue) may contribute to arterial inflammation in experimental atherosclerosis and hypertension (23, 53) . Relatively little is known about the effects of primary aging on arterial immune cell infiltration. It is clear, however, that the inflammatory state that develops in arteries with age is associated with vascular dysfunction, as indicated by impaired endothelium-dependent dilation (EDD) (5, 20, 47) .
Regular aerobic exercise is associated with a reduced risk of CVD (2, 42) and preservation of arterial function (10, 43, 44, 48) with aging in humans. It has been hypothesized that aerobic exercise exerts anti-inflammatory effects that could contribute to its vascular-protective influence (34, 38, 39) . That regular exercise is associated with lower circulating concentrations of inflammatory proteins in some adults is consistent with this idea (18, 21, 24, 52) . However, to our knowledge there is little or no direct evidence that aerobic exercise has anti-inflammatory effects on arteries.
In the present study, we sought to determine whether voluntary wheel running, as a model of aerobic exercise, ameliorates large artery inflammation in old mice, defined as reductions in the expression of proinflammatory cytokines and infiltration of macrophages and lymphocytes to levels not different from those observed in young control mice. To do so, we assessed IKK-NF-B activation, inflammatory cytokines, region-specific macrophage and T lymphocyte infiltration, and vascular function in large elastic arteries from young and old B6D2F1 cage-restricted mice, as well as mice studied after 10 -14 wk of wheel running, a model of voluntary aerobic exercise (17, 20, 29) . Animals. Male B6D2F1 mice were obtained from the National Institute on Aging rodent colony. All mice were housed in an animal care facility at the University of Colorado at Boulder on a 12-h:12-h light/dark cycle. Young (6.3 Ϯ 0.4 mo; n ϭ 7) and old (31.3 Ϯ 0.5 mo; n ϭ 11 mo; ϳ50% survival) mice were fed normal rodent chow ad libitum and housed in standard mouse cages. Separate groups of young (4.8 Ϯ 0.2 mo; n ϭ 5) and old (32.4 Ϯ 0.3 mo; n ϭ 8) mice were housed in cages fitted with running wheels for 10 -14 wk before euthanization. Running distance was monitored daily. The young and old mice averaged 8.7 Ϯ 1.0 and 2.1 Ϯ 0.2 km/day, respectively, consistent with previous observations from our laboratory (17) . Mice were euthanized via exsanguination by cardiac puncture while under isoflurane anesthesia (17, 29, 36) . To determine the efficacy of voluntary wheel running as a stimulus capable of producing exercise-training effects, skeletal muscle citrate synthase activity was determined in quadriceps muscle homogenate as previously described (9, 17, 40) .
METHODS

Ethical approval. All animal procedures conformed to the
Aortic protein expression/phosphorylation. To provide adequate tissue for measurement of proteins, the thoracic aorta was excised and cleared of perivascular adipose tissue, while maintained in 4°C PSS and frozen in liquid nitrogen. Whole artery lysates were prepared as previously described (17, 29, 36) . Protein expression was assessed by standard Western blot procedures using primary antibodies against IKK (1:200; 87 kDa; Santa Cruz Biotechnology, Santa Cruz, CA), phosphorylated IKK (p-IKK; 1:200; 87 kDa; Cell Signaling, Danvers, MA), the p65 subunit of NF-B (p65, 1:1,000; 65 kDa; Cell Signaling), phosphorylated p65 NF-B (pp65; 1:1,000; 65 kDa, Cell Signaling), and a horseradish peroxidase-conjugated secondary antibody (Jackson Immunological, West Grove, PA) and Supersignal ECL (Pierce, Rockford, IL). Bands were visualized using a digital acquisition system (ChemiDoc-It; UVP, Upland, CA) and quantified using ImageJ 1.42 software (NIH, Bethesda, MD). To account for differences in protein loading, expression is presented normalized to GAPDH (1:1,000; 37 kDa; Cell Signaling) expression. Representative images show bands from the same blot and exposure. Phosphorylated and total proteins were assessed in the same lysates run on two identical gels per blots. The quantifications of total protein are normalized to GAPDH of the same band after stripping and reprobing and expressed relative to the mean of the young control bands on the given blot. The ratio of phosphorylated to total protein is calculated from the bands for a given sample lysate run on the two gels per membranes, with each normalized to its own GAPDH. These data are also expressed as a ratio of the mean of the young control group within a given set of lysates.
Aortic cytokine/chemokine concentrations. Cytokine concentrations were measured in aortic lysates by multiplex ELISA (Searchlight Mouse Inflammatory Cytokine Kit; Aushon Biosystems, Billerica, MA) according to manufacturer instructions as described previously (36) .
Immunohistochemistry for infiltrating macrophages, lymphocytes, and TNF-␣. A portion of the thoracic aortas (ϳ1 to 2 mm) was embedded in optimum cutting temperature (OCT; Sakura) without removing the adventitia or perivascular fat and frozen and 10-m sections were mounted on glass microscope slides. Immunohistochemistry was performed using primary antibodies against macrophages and T lymphocytes, F4/80 (1:1,000; ab6640; Abcam), and CD3 (1:500; ab5690; Abcam), respectively. Positive staining was visualized with 3,3=-diaminobenzidine (DAB; K4011; Dako), and sections were counterstained with Mayer's hematoxylin (S3309; Dako) to identify nuclei. Multiple images of each section were digitally captured at 100ϫ (Nikon Eclipse TS100; Nikon) and combined (Photoshop Elements 6.0) to produce a single high-resolution image of an entire section. Using ImageJ 1.42, a technician blinded to group identity outlined the adventitia with a pen tablet (Bamboo Fun, Wacom) and counted the total number of nuclei and the number of nuclei with positive staining for either macrophages or T cells. Infiltration was expressed as the percentage of total cells (nuclei). For each animal, three serial sections were analyzed, and the results were averaged. Because macrophages or T cells were rarely observed in the intima or media, infiltration in these regions was not quantified. Immunohistochemistry for TNF-␣ (1:50; No. 3053; Biovision) also was performed on a subset of aortas from old cage-restricted and old voluntary running mice (n ϭ 3/group) to gain initial insight into the localization of proinflammatory signals.
Vascular function. Because the entire thoracic aorta was utilized to obtain measures of cytokines and immunohistochemistry, endothelial function was assessed in the carotid arteries of these mice as described previously (17, 20, 29) . This approach has been used previously by our laboratory (14, 17, 29) and other investigators (1, 11) , since EDD responses are similar in carotid arteries and aorta of mice (3) .
To assess endothelial function, EDD and the nitric oxide (NO) contribution to dilation were measured in response to the cumulative addition of ACh (1 ϫ 10 Ϫ9 to 1 ϫ 10 Ϫ4 mol/l) in the absence or presence of the NO synthase inhibitor N-nitro-L-arginine methyl ester (L-NAME; 0.1 mmol/l; 30 min). Endothelium-independent dilation was assessed in response to sodium nitroprusside (1 ϫ 10 Ϫ10 to 1 ϫ 10 Ϫ4 mol/l). Vessel diameters were measured by MyoView software (DMT, Atlanta, GA). All dose response data are presented as percentages of possible dilation after preconstriction to phenylephrine (2 mol/l), and NO bioavailability was determined from the maximal EDD in the absence or presence of L-NAME as described previously (17, 29) . Sensitivity to ACh and sodium nitroprusside was defined as the concentration that elicited 50% of the maximal response (IC 50).
Statistics. To assess group differences in endothelium-dependent and -independent dilation, the maximal vasodilation and sensitivity to ACh (IC 50) was used to characterize the overall responses. To determine NO bioavailability, the maximal vasodilation to ACh after L-NAME inhibition of NO synthase was subtracted from the maximal ACh-induced dilation in the same artery. For other animal and vessel characteristics, group differences were determined by one-way ANOVA with least squares differences post hoc test where appropriate. Bivariate correlations were performed to examine the relation between maximal vasodilation and variables of interest. Data are presented as means Ϯ SE. Significance was set at P Ͻ 0.05.
RESULTS
Animal characteristics. Body mass and epididymal adipose tissue mass did not differ with age in cage control mice but were lower in young and old animals that underwent voluntary wheel running (P Ͻ 0.05; Table 1 ). Aging was associated with an increase in heart mass (P Ͻ 0.01) that tended to be blunted by voluntary wheel running (P ϭ 0.06; Table 1 ). Gastrocnemius, but not soleus, muscle mass was decreased in old cage-restricted (P Ͻ 0.01) and voluntary wheel running young (P ϭ 0.05) and old (P Ͻ 0.01) mice relative to young controls. Citrate synthase activity did not differ between young and old cage control mice but was higher in the groups that underwent voluntary wheel running (P Ͻ 0.05; Table 1) .
Aerobic exercise reverses age-associated increases in arterial proinflammatory IKK/NF-B signaling. Total IKK and NF-B protein expression did not differ with age, but the ratios of phosphorylated to total IKK and NF-B ( Fig. 1 ; P Ͻ 0.01) were increased in aortas of old compared with young cage- restricted mice. Voluntary wheel running normalized the phosphorylated-to-total ratio for IKK and NF-B (Fig. 1 ) in old mice to that observed in young controls, without affecting total protein expression, whereas no effects were observed in young mice.
Aerobic exercise normalizes age-associated increases in arterial proinflammatory cytokines. Aortic concentrations of IL-1␤, IL-6, IFN-␥, and TNF-␣ were increased in old compared with young cage-restricted mice ( Fig. 2 ; P Ͻ 0.05). Voluntary wheel running reversed the age-related increases in aortic cytokine concentrations in old mice to levels at or below those of young controls, without affecting expression in young mice (Fig. 2) . In histological preparations of aortas from subsets of old cage-restricted and voluntary wheel running mice (n ϭ 3/group), TNF-␣ appeared to be expressed diffusely in the medial and endothelial layers (Fig. 3A) and was associated with nuclei in the adventitial space (Fig. 3B) . Voluntary wheel running appeared to reduce TNF-␣ expression in all arterial compartments (Fig. 3, C and D) .
Aerobic exercise ameliorates age-associated increases in arterial macrophage infiltration. There was no detectable infiltration of macrophages or lymphocytes into either the media or intima of the aorta of young or old mice. However, macrophage (F4/80 ϩ cells; P Ͻ 0.01) and T lymphocyte (CD3 ϩ cells; P Ͻ 0.05) infiltration of the aortic adventitia and surrounding perivascular tissue was greater in old cage-compared with young cage-restricted mice (Fig. 4) . In old mice, voluntary wheel running reversed the infiltration of macrophages in the adventitia and perivascular tissue to levels not different than young controls and tended to reduce perivascular T lymphocyte infiltration (P ϭ 0.10; Fig. 4 ). Young mice that performed voluntary running showed modestly lower macrophage infiltration in the adventitia ( Fig. 4A ; P Ͻ 0.01) but higher infiltration of lymphocytes in the adventitia (P Ͻ 0.05) and perivascular tissues (P ϭ 0.06; Fig. 4B ) compared with young cage restricted. Aerobic exercise rescues age-associated vascular dysfunction. Maximal carotid artery luminal diameter was greater in old compared with young cage-restricted mice (P Ͻ 0.05) and was unaffected by exercise (Table 2) . Carotid artery dilation to ACh (EDD; P Ͻ 0.01) and NO-mediated EDD (P Ͻ 0.05) were impaired in the old cage-restricted mice compared with the young controls, whereas dilation to the NO donor sodium nitroprusside did not differ (data not shown). Voluntary wheel running restored EDD and NO-mediated EDD (P Ͻ 0.05) in old mice to levels observed in the young controls, while having no effect in young mice (Fig. 5) .
Correlations. Among all animals, maximal EDD was inversely related to macrophage accumulation in both the adventitial (R ϭ Ϫ0.69; P ϭ 0.04) and perivascular (R ϭ Ϫ0.70; P ϭ 0.03) layers. Maximal EDD was not related to any other variable. There were no significant relations between any other variables (all P Ͼ 0.15).
DISCUSSION
The overall novel finding of the present study is that regular aerobic exercise ameliorates arterial inflammation with aging in mice. Specifically, our results show that the anti-inflammatory effects of aerobic exercise on aging arteries include normalization of IKK-NF-B activation, proinflammatory cytokines, and adventitial-perivascular macrophage infiltration. These anti-inflammatory effects are associated with amelioration of age-associated vascular dysfunction.
The present findings of increased vascular IKK-NF-B activation with aging are in agreement with previous observations in both rodents (6, 55) and humans (12, 13) , suggesting a primary role of this proinflammatory transcription factor signaling pathway in arterial inflammation with aging (6, 16) . Phosphorylation of IKK leads to disinhibition of NF-B in the cytosol with subsequent phosphorylation and translocation of NF-B subunits p65 and p50 to the nucleus, inducing transcription and expression of several inflammatory cytokines in the arterial wall and overall promotion of a proinflammatory state (8, 22, 25) . The results of the present study showing increases in aortic expression of the inflammatory cytokines IL-1␤, IL-6, IFN-␥, and TNF-␣ in the old mice are consistent with this process. Our study extends these prior findings by showing that regular aerobic exercise exerts potent anti-inflammatory actions in aged arteries, including inhibition of IKK-NF-B activation and reductions in expression of proinflammatory cytokines to levels at or below those observed in healthy young controls. Aerobic exercise reduces circulating concentrations of inflammatory proteins in some middle-aged and older adults (18, 21, 24, 52) . To our knowledge, this is the first direct evidence for anti-inflammatory effects of aerobic exercise in arterial tissues per se in the context of aging or any other state associated with vascular dysfunction. Preliminary results of immunohistochemical staining of aortas from old cage-restricted and voluntary running mice in the present study suggest that exercise-mediated reductions in proinflammatory cytokines may occur in multiple sites within the vascular wall, because TNF-␣ expression appeared to be decreased diffusely in both endothelial and medial layers, as well as in areas surrounding nuclei in the adventitial and perivascular layers.
One mechanism by which proinflammatory activation and cytokine production could be mediated in arteries with aging is increased immune cell infiltration, including macrophages and T lymphocytes. These immune cells produce inflammatory cytokines that can, in turn, initiate and sustain vascular inflammation (53) . Circulating immune cells could infiltrate the intima and other layers of the artery from the lumen (insideout) or, alternatively, infiltrate the adventitia initially from the surrounding perivascular tissues (outside-in). The little available evidence on primary aging is somewhat inconsistent. Sporadic clustering of macrophages in the aortic wall is more common in older compared with young human donors (51), and there is evidence of increased accumulation of polymorphonuclear leukocytes in aorta of old F344 rats (55) . Others have reported little or no accumulation of macrophages or T lymphocytes in the intima or media with aging in rodents (30, 33 ) and increased T cell, but not macrophage, density with aging in adventitia of C57Bl/6 mice (33). Values are means Ϯ SE. *Difference from young; †difference after N-nitro-L-arginine methyl ester (L-NAME), P Ͻ 0.05.
In the present study, we found increased macrophages and T lymphocytes in aortic adventitia and perivascular tissue, but not in the arterial intima or media, with aging in B6D2F1 mice, a first generation hybrid cross of C57Bl/6 and DBA mice. The densities of the cells were less than that observed with some experimental models of atherosclerosis (53) , but similar to that observed in angiotensin-infused mice (45) . These results suggest that immune cell infiltration and inflammation of arteries with primary aging may be mediated at least in part via outside-in mechanisms targeting the perivascular tissue and adventitial layer of arteries, as hypothesized previously in settings of CVD (37, 41, 50) . Most importantly, here we report for the first time that wheel running normalizes macrophage infiltration of the aortic adventitia of old mice to levels observed in young mice, although less of an effect was observed in T lymphocyte density in old mice. To our knowledge, this is the first evidence that voluntary aerobic exercise can reverse macrophage accumulation within the normal arterial wall. An earlier study reported that forced swimming in apo E-deficient mice fed a high-fat diet reduced macrophage and CD4 ϩ cell accumulation within fatty streak lesions in aortic lumens (35) .
The results of the present study suggest that macrophages may be the more important physiological change affecting vascular function in settings of aging and aerobic exercise. First, the increase in the number of lymphocytes observed in the adventitial and perivascular layers with aging was relatively small compared with macrophages. Second, wheel running produced a significant reduction in macrophage infiltration, but only a trend for decreases in lymphocytes in old mice. Third, lymphocyte infiltration was paradoxically increased in young mice that underwent wheel running in the face of unchanged EDD, dissociating these events. Finally, a significant negative relation was observed between maximal EDD and macrophage, but not lymphocyte, infiltration in the overall group. Together, these observations are consistent with the concept that voluntary aerobic exercise may exert its antiinflammatory influence on aging arteries, at least in part, by inhibiting macrophage infiltration of perivascular tissue and the adventitia.
We reported recently that this model of voluntary aerobic exercise reverses age-associated reductions in NO-mediated endothelium-dependent dilation in carotid arteries of B6D2F1 mice, while having no effects in young animals (17, 20) . Our laboratory also found evidence for a role of reduced superoxide-associated vascular oxidative stress in mediating the effects of wheel running on endothelial function in old mice (17) . The results of the present study showing amelioration of endothelial dysfunction in old mice by wheel running are consistent with these previous observations. Our findings here extend these earlier data by showing that the restoration of endothelial function by wheel running in old mice is associated with amelioration of arterial inflammation. It is well established that oxidative stress and inflammation are reciprocally amplifying biological processes (26, 46, 47) . As such, the present findings along with the prior report from our laboratory (17) provide support for the idea that regular aerobic exercise may reverse age-related arterial dysfunction via a combination of antioxidant and anti-inflammatory effects.
Previous work has linked T lymphocyte activation to the development of hypertension and angiotensin-induced vascular endothelial dysfunction (23). We did not measure arterial pressure in the present study, but previously have shown impaired endothelial function with aging in this model in the absence of significant increases in mean arterial pressure (17, 29) . Moreover, although baseline mean pressure was lower in wheel running compared with cage-restricted old mice in an earlier study from our laboratory (17) , blood pressure and maximal EDD were not related. Given the lack of consistent associations between lymphocyte infiltration and endothelial function described above for our current study, and for blood pressure and endothelial function in earlier investigations from our laboratory (17, 29) , these events do not appear to be mechanistically related in the present model of aging and aerobic exercise. The mechanisms that underlie the anti-inflammatory effects of exercise on arteries with aging are not known but may include a direct effect of increases in laminar shear at the endothelium (as a result of increases in blood flow and/or pressure during running) or via changes in circulating and/or locally produced factors (38, 39) . Although anti-inflammatory signaling from endothelium in response to increases in laminar shear is appealing, it is unclear how this signal would be transduced through the arterial media to influence macrophage infiltration in the adventitial and perivascular spaces. Candidate molecules for systemic or local factors that can influence both endothelial function and inflammation with aging and exercise include ANG II (4, 7, 27, 54) and endothelin-1 (4, 15, 19) . Both have potent proinflammatory effects (19, 27) , and vascular reactivity to these molecules is influenced by aging and exercise (4, 15, 32, 49) . Age and aerobic exercise could influence such factors in the circulation or locally in the adventitia (e.g., vasovasorum) or the perivascular tissue to affect inflammatory signaling in arteries.
In conclusion, voluntary aerobic exercise reverses arterial inflammation with aging in mice. This may be mediated in part via inhibition of macrophage infiltration of perivascular tissue and arterial adventitia. These anti-inflammatory actions may play an important role in the beneficial effects of voluntary aerobic exercise on vascular function observed in middle-aged and older adults (39) .
